The swelling of regular, tightly meshed model networks is investigated by a molecular dynamicsMonte Carlo hybrid technique. Chemical equilibrium between two simulation boxes representing the gel phase and a solvent bath, respectively, is obtained by subjecting the Lennard-Jones particles of a binary mixture, serving as explicit solvent, to the particle transfer step of Gibbs EnsembleMonte Carlo. The swelling behaviour, especially preferential absorption of a single component, whose dependence on temperature, pressure and fluid composition is studied, also depends significantly on the size of the central simulation cell. These finite size effects correlate well with those exhibited by the density of solvent-free (dry) networks. A theoretical expression, whose derivation is based on network elasticity (of dry networks), yields finite size scaling behaviour in good accord with simulation results for both dry networks and gels in contact with solvent baths. This expression can be used to extrapolate the swelling behaviour of simulated finite systems to infinite system size.
I. INTRODUCTION
The two solvent species differ exclusively in size, i.e. we use two different σ-parameters.
The network chains consist of harmonically bonded LJ particles identical to the large solvent species. The technique is a hybrid combining molecular dynamics translation moves of all particles with Gibbs Ensemble Monte Carlo transfer of solvent particles between the network and the bulk solvent. In particular we study the dependence of the swelling ratio and the separation factor on thermodynamic conditions as well as on solvent composition.
The paper is structured as follows. In section II we discuss the methodology. In the next section we focus on finite size effects, which are important because the inclusion of explicit solvent imposes severe limitations on the system size. Based on the self-consistent field approach to polymer conformation we find a general scaling form followed by all quantities of interest. Section IV compiles our bulk results for the swelling and separation behavior of the network. Section V is the conclusion.
II. METHOD
The method used here is a molecular dynamics-Monte Carlo hybrid technique. The system consists of two simulation volumes; one containing the network including solvent, (r − r o ) 2 . Note that σ net = σ 1 = r 0 (cf. Tab. I). The fully extended chains form simple cubic lattices in which every n c th LJ site along a chain also belongs to two other chains (cf. Fig. 1a ).
The motions of all particles in the two boxes, whether part of the network or part of the solvent, are computed via the molecular dynamics (MD) technique using the velocity Verlet algorithm 24 to integrate the equations of motion (with a time step ∆t = 0.002). The weak coupling method due to Berendsen et al. 25 is used to adjust temperature and pressure in each box (τ T = 0.1, τ P /κ T = 20). So both boxes are separately equilibrated and kept in thermal and mechanical equilibrium with heat and pressure baths by MD techniques. The MD runs are interrupted every 50 time steps, and the current configurations are exposed to Gibbs Ensemble Monte Carlo (GEMC) particle exchange moves 26, 27 , which serve to establish chemical equilibrium between both boxes. Each exchange attempt consists of the following steps:
• One box B rm is chosen for particle removal at random (and the other box B ad for particle addition), i.e., each box is as likely to be B rm as B ad .
• The kind of particles (solvent 1 or 2) to be transferred is chosen so that each kind is selected with an arbitrary but fixed probability. Here the probability for solvent 1, which ranges from 0.6 (at the highest temperature) to 0.9 (at the lowest temperature), is chosen so that the number of successful exchange attempts is roughly the same for both solvents.
• One of the particles of the selected kind located in box B rm is chosen at random for removal.
• A position in box B ad is selected at random for particle insertion.
• The particle exchange is accepted with probability min 1,
where ∆U rm is the potential energy difference associated with the attempted removal, and ∆U ad is the potential energy difference due to the attempted insertion. In addition V rm , V ad , N rm , and N ad refer to the corresponding simulation box volumes and particle numbers before the transfer.
The number of such particle exchange attempts carried out within one MC block between two partial MD runs varies from one (in case of the smallest system with 270 network particles at the highest temperature) to 20 000 (in case of the largest system containing 5120 network particles at the lowest temperature). So the overall numbers of particles of each kind are conserved, but the particle numbers in each box are not.
The effect of particle insertion on one of the key quantities of interest, the swelling ratio, q, defined as the ratio of the network volume in the swollen state to the volume of the dry network at the same thermodynamic conditions, is shown in Fig. 1b is no discernible effect, whereas at the low temperature, T = 1.15, the effect of particle insertion becomes rather pronounced beyond 10 accepted particle transfers per LJ time unit, i.e., the equilibrium distribution is perturbed strongly by particle exchanges. Of course the magnitude of the effect depends on the system parameters. Therefore, the number of attempted particle exchanges has to be chosen carefully at low temperatures. While too many accepted exchanges lead to poor results due to systematic error, too few exchanges cause slow equilibration and low frequency oscillations which require extraordinarily long simulation times.
III. DISCUSSION OF FINITE SIZE EFFECTS
Computer simulation studies of polymer networks focus on rather small volumes resulting in finite size effects, which may not be negligible. given by
(cf. Eq. (7) in Ref. (1) and (3) in Ref. 28 ).
Eq. (2) is derived using the self-consistent field approach for the network chains including contributions beyond the so called ground state dominance approximation (e.g. section IX.2 in Ref. 34 ). The main value of Eq. (2) is that it allows to estimate the bulk density, ρ ∞ , based on a number of simulations for small systems, which requires a fraction of the time necessary to complete the simulations for the larger systems. Thus Eq. (2) may greatly reduce the effort which has to be spent in order to obtain reliable bulk results.
In the following we are interested mainly in networks swollen by solvents, even though we continue to use dry networks when we determine the swelling ratio, q, defined as the ratio of the volume of the gel to the volume of the dry network at the same thermodynamic conditions. The two panels in Fig. 3 show the dependence of the swelling ratio, q, on system size at different thermodynamic conditions. Here the system size is defined in terms of N
1/3
net , where N net is the number of network beads. Notice that the finite size effect, which in case of the density was about 6% over the range of system sizes considered, has increased up to 35%. Nevertheless the form of Eq. (2), i.e.
can still be applied to the swelling ratio (Y = q). The resulting curves yield perfect description of the simulation data. The applicability of Eq. (3) Another useful quantity is the separation factor defined via
(e. g., Ref. , is considered in Fig. 7 at T = 1.2/3.0 and P = 0.5. Notice that q and α exhibit no discernible dependence on the composition of the bulk solvent at T = 3.0.
At the lowest temperature studied here, however, we do find a noticeable dependence of q and α an composition, even though the effect on α still appears to be rather weak.
Before looking at the solvent separation in more detail, it is useful to briefly consider the gas-liquid phase behavior of a solvent mixture similar to the one employed in the swelling simulations. The top panel in Fig. 8 shows the gas-liquid coexistence in the P - and inserting the value of α, obtained at the respective temperature, from the bottom panel in Fig. 6 . This of course assumes that α is independent of composition (as shown in the bottom panel in Fig.   7 ), an approximation which is well known from adsorption onto solid substrates (cf. Ref. . The situation is not so clear cut at low temperaturesa point we discuss in the context of the next figure. Overall, however, the sorption of the smaller species is preferred. This is in agreement with Ref. 16 , where the authors study the equilibrium swelling of athermal (hard-core) polymeric gels. Here we find in addition that the depletion of large particles in the network relative to the bulk solution diminishes as the temperature increases. Again we return to the discussion of this point in the context of Fig.   10 . Fig. 10 finally shows the site absorbability, defined via
Here N solv is the number of solvent particles inside the network containing N net network particles. Notice that A increases strongly with decreasing temperature. This behavior is easily understood in terms of the thermodynamics of adsorption at solid substrates 35 
T + T (translational motion + ideal gas law). Likewise we replace h surf
by − + T + T , i. e. we assume that the particles experience a onedimensional oscillator potential with a depth given by − and free translation in the perpendicular directions.
In addition we use P V ≈ 0 (relative to the gas phase). Thus we obtain + In Ref. 16 , where the authors present results for the sorption of a binary hard sphere solvent by a hard-core polymeric gel, the preferential sorption of the smaller species is explained in terms of a packing argument. The latter is based on the virtual removal of all solvent particles from the gel. If the resulting cavities are refilled, so the argument, it is easier to insert a small particle. However, this intuitive argument may equally be applied to a region inside the bulk solvent (without a network!), where it clearly fails. Probably the preferential sorption of the smaller species (in the hard core case) is due to a compromise between the translational entropic disadvantage an empty cavity imposes and the additional conformational freedom such a cavity gives to the polymer chains. In our case the same effect will contribute to the preferential sorption of the smaller LJ particles. But in addition there appears to be an energetic advantage as well.
At intermediate composition, i. e. for 0 < x solv 1 < 1, the behavior of A is close to ideal for the high temperature, i.e., the site absorbability is related to the mole fractions, Fig. 7 . In the lower panel of Fig. 10 the (dashed) lines do not describe the simulation data. In this case we obtain α ≈ 3.2 from the site absorbabilities of the pure solvents. This value is not in accord with Fig. 7 , and the corresponding dashed-dotted curve in Fig. 9 does not describe the data.
V. CONCLUSION
In this work we simulated the preferential sorption for the case of binary LJ mixtures consisting of species distinguished by different σ in contact with model networks consisting of harmonically bonded LJ sites of the larger type. We find that the finite size effects are important and must be eliminated carefully. In order to estimate the importance of finite size effects we apply a method developed previously, which is based on the self-consistent field approach to polymer conformation. We obtain bulk results for the swelling ratio and the separation factor which turn out to be rather insensitive to the bulk solvent composition at the highest (but not at the lowest) temperature considered here. We find that the smaller solvent species is preferentially found inside the network. This effect diminishes with increasing temperature for the two pressures investigated here.
In a wider context the present work might be of interest for the separation of physical mixtures via sorption and diffusion in membranes, which is of great technological importance.
Even though we have not studied the relation between equilibrium sorption and diffusion, the present work allows to estimate the effort involved if such simulations are to be carried out for more realistic systems. and x net 1 obtained as described in the discussion of Fig. 9 ). The lines correspond to ideal (Raoult's law type) behaviour.
